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VARIABLE STABILITY SYSTEM 
OF THE X-14A VTOL AIRCRAFT (A) 



The first of two parts of this case describes the original con- 
trol system and reasons for adding a variable-stability auxiliary 
system to the Bell X-14 experimental aircraft. By means of 
excerpts from the original project notebook the student is 
provided with information required to calculate thrust re- 
sponse of the aircraft. The second part includes the project 
notebook calculations for part one and poses the additional 
problems of writing a preliminary progress report, designing a 
simulator for the control system, and drawing a block diagram 
of the control system. 
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Prepared in the Design Division of the Department of Mechanical Engineering by J. Hill, G. Kardos, 
and A. Winn under the direction of Karl H. Vesper with financial support from the National Science 
Foundation. 
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VARIABLE STABILITY SYSTEM 
OF THE X-14A VTOL AIRCRAFT (A) 



In early January 1960 Mr. Frank Pauli 
was summarizing the progress of the 
engineering design team composed of Pauli 
and Dan Hegarty, electrical engineers, and 
Tom Walsh, a mechanical engineer, all 
members of the Guidance and Control 
Branch of the Ames Research Center, at 
Moffett Field, California. Pauli concluded 
one of their frequent meetings with the 
observation, "I believe our most pressing 
problem will be the design of our nozzles 
to provide the right thrust within the limits 
of available bleed-air from the new engines 
to meet the pitch, roll and yaw acceleration 
specifications given to us last month." 

The Ames Research Center, part of 
NASA, is charged with research into 
aircraft guidance and control systems, 
including both technological and 
physiological aspects. The Center is 
equipped with a full range of wind tunnels 
of various sizes and wind velocities, a 
sophisticated hybrid computer installation, 
several large aircraft and spacecraft 
simulators, and aircraft flight test facilities. 
Given the appropriate dynamic 
characteristics, the computers can be used 
to program the simulators to represent the 
response of high speed aircraft or 
spacecraft with up to six degrees of 
freedom (three translational and three 
rotational). 

Pilot ratings of the effectiveness of a 
control system are given on a scale of ten 
(Cooper rating system), one being ideal and 
ten a "bail-out" condition; four can be 
flown but is unsatisfactory; five and six are 
unacceptable for normal operation. To 
explore a wide range of damping vs. control 
power curves the mission given the design 
group by Flight Operations and Flight 
Research Branches specified desired pitch, 



yaw, and roll accelerations of 5, 3 and 10 
radians per second-squared respectively. 
These specifications are based on previous 
experience with helicopters. 




In 1959 Ames Research Center 
acquired the Bell X-14 experimental 
vertical take off and landing (VTOL) 
aircraft for research purposes. After 
preliminary tests Flight Research and 
Flight Operations Branches requested the 
Guidance and Control Systems Branch to 
design and produce a system to provide 
variable damping for enhanced stability of 
the aircraft in the hovering mode. 



The Variable-Stability Concept 

In aircraft handling-qualities research, 
the ability to vary the fundamental aircraft 
parameters, such as damping and control 
power about each axis, and to vary or 
cancel the gyroscopic cross-coupling 
between the pitch and yaw axes resulting 
from the angular momentum of the engine 
rotors makes possible the evaluation of 
combinations of variables under realistic 
flight conditions. New concepts of handling 
qualities and the effect of changes in 
parameters may be readily investigated 
with an aircraft equipped with a 
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variable-stability control system. 

It is proposed to accomplish this by 
means of state sensing and electronic 
computation to provide the necessary 
signals to augment the manual controls. 

Such a control system is particularly 
valuable in the solution of stability and 
control problems in a VTOL plane where 
the inherent aerodynamic damping of the 
aircraft approaches zero as the flight 
velocity approaches zero and the aircraft 
attempts to hover. Research has shown that 
the ability of a pilot to control a system 
depends on the damping and control 
parameters. It follows that the choice of 
these parameters is exceedingly important 
for VTOL aircraft, since the aircraft takes 
off and lands in the hovering mode with no 
forward velocity, is close to the ground 
during these periods, and any loss of 
control almost inevitably leads to a crash. 

The X-14A equipped with 
variable-stability control is, therefore, a 
research tool intended to provide insight 
into the methods which may be used to 
make VTOL operation of aircraft safer 
with less pilot fatigue and less total power 
requirements. Exhibit A-l shows the X-14A 
in hovering flight. 



The Original Control System 

The Bell X-14 VTOL is a fixed-wing, 
jet-propelled, deflected-jet airplane in 
which the exhaust from the jet engines 
passes through diverters which enable the 
pilot to select any condition between 
horizontal and vertical thrust, or to make a 
transition from one to the other in flight. 

The original control system provided 
direct control by the pilot of pitch, roll, 
and yaw through air jet nozzles at the tail 
and wing tips for control of the plane 
during hovering flight. These nozzles are 



mechanically connected to the stick and 
pedals and discharge air bled from the 
compressors of the turbo-jet engines to 
produce thrust. 

The pitch nozzle is located in the tail 
and has ports both top and bottom 
(Exhibit A-2). The total exit area of the 
ports remains constant, for constant air 
flow, but rotation of the inner element 
provides a differential area to provide a net 
thrust up or down and so producing a 
pitching moment. The wing tip nozzles 
have a constant combined exit area. These 
nozzles are normally directed downwards. 
Axial movement of the nozzles changes the 
relative areas thus producing a rolling 
moment. A yawing moment is produced by 
rotating the wing tip nozzles in opposite 
directions about the lateral axis of the 
aircraft, one nozzle having a forward thrust 
component and the other nozzle having a 
backward thrust component. 

Since diverting control air from the 
engines . changes their thrust, and a change 
in thrust during delicate maneuvering could 
well cause disaster, the total air used by the 
control nozzles must be maintained 
constant, thus the necessity to maintain 
constant exit area of the nozzle system. 

The basic X-14 has gyroscopic 
cross-coupling between the pitch and yaw 
axes due to the angular momentum of the 
engine rotors. For example, a pitch-up 
motion causes a left yawing moment 
proportional to the pitching rate of the 
aircraft. Conversely a yawing motion 
produces a pitching moment. This coupling 
limits the relative values of yaw and pitch 
rates. 

To decide on steps to be taken in 
continuation of the project, Pauli was 
reviewing the project note book (see 
Exhibit A-3, 1 through 6) in which he had 
been recording all significant results of 
conferences, calculations and decisions of 
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the design group. Pauli noted that the 
available bleed air would be increased to 
8.5 lbs/sec (for all control functions, both 
pilot controlled and servo controlled 
systems) by the replacement of the original 
Siddley Viper 8 engines with two GE 
J-85-5A engines. Tom Walsh had reported 
that there was room for additional 2%" 
ducts in the leading edge of each wing 
(alongside the present 3" ducts) and a new 
4" duct probably could be installed in the 
fuselage to the tail. Dan Hegarty had 
determined that a type "O" servo system 
with magnetic power amplifiers could be 
easily adapted to drive 10 watt two-phase 
ac servo motors for V. S. nozzle control. 
Bell Aircraft had supplied its figures for 
moments of inertia of the aircraft. The 



General Electric Company had reported 
polar moments of inertia for gyro coupling 
effects and air temperatures of 524°F out 
of the engine. Finally the design group had 
decided on one new variable stability nozzle 
on each wing for roll control and two new 
nozzles (at right angles to each other) at the 
tail for pitch and yaw control. 

"I wonder," Pauli thought, "if we can 
achieve the required degree of control with 
the available bleed-air supply. Also I 
wonder if 10 watt servo motors have 
enough torque to operate the nozzles 
satisfactorily. Finally how can we provide a 
fail-safe condition in case the servo system 
fails?" 
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Engineering Case Library 



VARIABLE STABILITY SYSTEM 
OF THE X-14A VTOL AIRCRAFT (B) 



On January 18, an informal meeting was held to review the 
progress of J. O. (Job Order) R-986-D, the development and 
installation of a variable stability system in the X-14. This job 
had been initiated in late December. "Dr. Smith has asked me 
to submit a progress report to go with next year's budget. I 
have a fair summary of what we've done since the beginning 
in my lab book," 1 said Frank PaulL 



(c) 1970 by the Board of Trustees of the Leland Stanford Junior University, Stanford, California. 
Prepared in the Design Division of the Department of Mechanical Engineering by J. Hill, G. Kardos, 
and A. Winn under the direction of Karl H. Vesper with financial support from the National Science 
Foundation. 
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"Is this a fail-safe feature?" asked 
Cooper. 

"Yes," replied Pauli. 

"You've got my pressure drop 
calculations there, haven't you, Frank?" 
asked Walsh. 

"Yes, and I have worked out the 
resultant performance figures from them," 
replied Pauli. 

"That brings us up to date," 
continued Pauli. "I will need further 
information to complete the report, 



particularly a projection of our activities. I 
haven't anything on the simulator; could 
you let me have something on how you 
propose to do the simulation, Al? Tom, do 
you feel that the nozzle will give us any 
more trouble or are the answers 
straightforward? I know we've done servo 
systems before and they should offer no 
difficulty but for the report we had better 
include a diagram on how we intend to 
build the system." 

Frank Pauli received the advice and 
comments from his colleagues at this 
meeting and prepared his progress report. 
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APPENDIX 

FORMULAS AND CALCULATIONS FOR REACTION NOZZLES 

In this appendix pertinent symbols and formulas are given. Calculations 
are made to establish the various nozzle forces. 



SYMBOLS 



A 


cross -sectional area, sq ft 


C d 


discharge coefficient ratio, A^/A 


Cv 


velocity coefficient 


F 


reaction force of pilot nozzle, lb 


pi 


reaction force of variable -stability nozzle, lb 


2 
o 


acceleration of gravity, 32.2 ft /sec 2 


T 

I 


moment of inertia, slug -ft 2 


L 


moment arm, ft 


m 


mass flow rate, slugs /sec 


P 


pressure, psia 


R 


universal gas constant 


T 


absolute temperature, °R 


V 


flow velocity, ft /sec 


• 

w 


pounds flow rate, lb/sec 


a 


angular acceleration, rad/sec 2 


7 


ratio of specific heats at constant pressure to constant volume and 




equal to l m h for air 


P 


density, slugs /cu ft 
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Subscripts 



1 located upstream 

2 located at orifice 

3 downstream 

* position of sonic velocity 

p pitch 

r roll 

t tail 

w wing tip 

y yaw 



Air flow 



L'.. ... - ' 

©[[<*> ~~dr- 

Sharp edge orifice 



TOTAL NOZZLE EXIT AREA. CALCULATED FOR ALL BLEED AIR 



and 



Mass flow rate can be expressed as: 



From the perfect gas laws it can be shown that: 

7+1 



m * = 



fRT 1 



Using an experimentally determined C^ of 0-90 and knowing the ratio of 
P*/ p i = 0.5283 at Mach 1.0 (see ref. 5) 

From engine d ata, w^ = 8.5 lb/sec, Pi = 76 psia, and T ± = 939° R> so 
solving: A 2 = 8.5 ^939/0.^767(76) =7-17 sq in. This is the total allowable 
exit area to keep the bleed flow desired. 
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TOTAL REACTION FORCE AVAILABLE FROM ALL NOZZLES 



The total reaction f orce, ideally, can "be expressed as : 

F = + A^(P^ - P 3 ) 

Because of friction at the orifice edge, will not be obtained over the 

whole area A_^, but will be less at the outer edges of the flow stream. This, 
in effect, reduces the sonic throat area to give an average area of sonic 
flow of CyA^, so actually, 

F = m^\ + OyA^I^. - P 3 ) 

Using the relationships = P*A^C V , (V^) 2 = and = P*RT^, and 

keeping sonic flow: 

F = C v CdA 2 Pi ^1.268 - 

With C v = 0-95 from test data and P 3 as atmospheric pressure, 
F = (0.95)(0.90)(7.17)(76)[1.268 - (lU.7/76)] = 500.7 pounds total reaction 
force. 
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VARIABLE STABILITY SYSTEM 
OF THE X-14A VTOL AIRCRAFT (B) 



"The requirements by Flight Research 
Branch asked for everything they could 
use, we soon found them to be impossible. 
Using the data forwarded by Bell Aircraft 
we were able to determine the torques and 
forces in the present system," Frank said, 
pointing to page 5 of his lab notes (exhibit 
A-3, page 5). "We hoped these would satisfy 
Crim's requirements, but they didn't. This, 
of course, was with the Viper engines. We 
also calculated the cross coupling. The new 
G. E. engines to be installed will give us 
more thrust. 

"As you remember we split the 
project into two parts; some of you are 
working on the aircraft hardware and the 
rest on the simulating of the aircraft 
response on the ground. As soon as the 
hardware is available it will have to be 
tested. 

"Mr. Rolls recalculated the roll 
accelerations using the figures received 
from G. E. for the two J 85-5A engines; 
8.25 lbs/sec at 90 psig air from the 
compressor. With this we could, we 
thought, get 5 rad/sec 2 in roll, 2.5 rad/sec 2 
in pitch, and 1.5 rad/sec 2 in yaw. We 
proposed to divide this equally between 
pilot control and the V. S. system." 

"I thought we had agreed that there 
would be an override for the pilot?" 
interjected Cooper, the chief test pilot. "If 
the V. S. system fails we have to be able to 
fly it down manually." 

"You know that safety is always 
foremost in our minds, George," replied 
Pauli. "We did agree on a 1 0% override for 
the manual control, although I'm not 
certain that will be enough in all cases. 

^ee Exhibit B-l for reproduction of notebook. 



"Since we cannot achieve the desired 
rotational accelerations, we had better try 
to maintain the original ratios, 10:5:3. I've 
rerun the calculations on this basis. 

"With respect to the nozzles to be 
used on the V. S. system, we are being 
pushed for time, therefore we agreed that 
using the basic concept of the existing 
pitch nozzle would be best. This nozzle was 
selected because it is a constant bleed 
nozzle. This eliminates any engine 
problems due to variable bleed. It also has 
linear characteristics. Its reactions are 
known and, frankly, we can't think of 
anything better at this time. 

"The arrangement of the nozzles has 
now been changed from that of the manual 
system. We will have the V. S. roll nozzles 
in the wing tips, and the pitch and yaw V. 
S. nozzles in the tail. Rolls has had a look 
at the aircraft and we have room for 
additional ducts in the wings, but we may 
not be able to fit the necessary ducts into 
the tail." 

"We may have trouble with those 
nozzles," commented Walsh. "The spare 
nozzle we received had a sort of binding, 
you recall. We cleared it for the pressures 
we could test at, but it still may be a 
problem." 

"Yes, I know," said Pauli. "We also 
seem to have a problem with torques. The 
figures you gave me indicate that our servo 
motors won't be able to handle it. I gather 
this is not entirely a balancing problem. I 
think we'll have to redesign this, keeping 
only the basic concept." 

"The nozzles should have a zero 
reaction when the power to the servos is 
cut," said Walsh. 
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INSTRUCTOR'S NOTES 
Variable Stability System of the X-14A VTOL Aircraft 

This case covers the early stages of the development of a variable response system for 
theX-14. 

The initial attraction of the case to the authors was the fact that F. Pauli kept an 
excellent notebook on the progress of the project. This is a trait highly desirable in any 
engineer but woefully lacking in most. Mr. Pauli's notebook is reproduced as exhibits in the 
case and the case is so constructed that the exhibits are an integral part of the case. With an 
introductory reading of the printed portion, the notebook should be studied to extract the 
technical details and the development of the project. From this, class discussion can be 
developed on: 

1. Merit of good records 

2. Purpose of engineering log or records 

3. Positive features of PaulTs notes 

4. Negative features of Pauli's notes 

The purposes of the exercise would be to have the student recognize the need for good 
engineering records and to induce him to use them in the future. 

The technical aspects of the case may be used to exercise the student's understanding 
of elementary mechanics. The X-14A, in a hovering mode, presents us with a close 
approximation of a free body. The following questions, although apparently trivial, can be 
used to examine the student's ability to extend formal mechanics to real life situations. 

L If the X-14 weighs 2600 lbs., what is the minimum vertical thrust required to 
hover? (neglecting ground effect) 

2. Neglecting aerodynamic drag, what total thrust will be required to accelerate the 
vehicle vertically at 1 ft/sec^? 

3. If the moment of inertia of the X-14A about the roll axis is 1000 slug ft^ and the 
control jets at the wing-tips are 17 ft apart, what reaction force is required at each 
wing-tip to produce a roll rate of ± 1 0 radian/sec^? 

4. What is cross-coupling? 

5. What is cross-coupling due to in the X-14 A? 

For more advanced students in dynamics and controls, they could be asked to write 
the equations of motion of the X-14. They could also be asked to show how these would 
have to be modified to give the necessary variable response system. 

The design of the control nozzles for the variable control system comes in for 
considerable attention from F. Pauli. The assessment of the design can be used as an exercise 
for design students. 
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Part B of the case is presented as a progress meeting between the principal participants. 
It is expected that this part of the case can be used to further examine the technical details 
of the case. At this point, the project has gone through one iteration and the performance 
requirements altered. The alterations and the reasons for them should come in for close 
scrutiny. 

Assignments based on the first two parts of the case can be given: 

1 . Preparation of a progress report based on the meeting. 

2. Design of a ground simulator to test the control system and nozzles. The 
specifications of the simulator requirements are critical. 



